Abstract-Maintenance scheduling and asset management practices play an important role in power systems, specifically in power generating plants. This paper presents a novel riskbased framework for a criticality assessment of plant components as a means to conduct more focused maintenance activities. Critical components in power plants that influence overall system performance are identified by quantifying their failure impact on system reliability, electric safety, cost, and the environment. Prioritization of plant components according to the proposed risk-based method ensures that the most effective and techno-economic investment decisions are implemented. This, in turn, helps to initiate modern maintenance approaches, such as reliability-centered maintenance (RCM). The proposed method is applied to a real combined cycle power plant (CCPP) in Iran, composed of two gas turbine power plants (GTPP) and one steam turbine power plant (STPP). The results demonstrate the practicality and applicability of the presented approach in real world practices.
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I. INTRODUCTION
T HERMAL power plants are the beating hearts of the power industry, playing a critical role in electricity production while promoting worldwide social development and technological advancements. The power generation infrastructure, hence, must reflect a friendly application of economic and engineering principles not only in design, but also in planning and operations decision-making [1] . In order to ensure the reliable and economically stable operation of power system components, specifically in power generating plants, timely and efficient maintenance strategies are imperative. Only then can the system components function reliably, with minimum outages and undesirable consequences [2] .
A mix of various maintenance strategies has been commonly employed in power generating stations for the main purpose of ensuring component availability and system reliability requirements over time [2] . However, making a techno-economically efficient maintenance decision is still a challenge in such complex systems. New maintenance strategies have recently been adopted in electric domains, amongst which is the reliabilitycentered maintenance (RCM). RCM is a maintenance perspective involving cost-effective decision that focuses on the system's most important components and failures. The RCM process generally starts with identifying critical components, followed by failure modes and effects analysis (FMEA) of such components, mostly from a system reliability point of view [3] , [4] .
There can be found many references devoted to the study of the impact of power plant healthy operations on the electric power system reliability. In [5] modeling of gas turbines both in single and combined cycle arrangements are discussed, using advanced reliability analysis. The probabilistic outage evaluation of power plants through the fault tree analysis is presented in [6] . Combined Cycle Power Plants (CCPPs) are studied in [7] - [9] as a part of the electric power generation reliability assessments. A preventive maintenance model of power plants including wind farms is introduced in [10] . Maintenance optimization frameworks are suggested in [11] for nuclear power plants using a multi-objective formulation in conjunction with the Genetic Algorithm. An optimization model to assess the economic impact of maintenance during the synthesis and design of power plants is proposed in [12] .
While RCM has been widely attempted in various engineering contexts [13] - [15] , little effort has been devoted to its application in the electric domain, where the focus has been mostly on power distribution [16] - [23] and transmission levels [24] - [27] . A few references take some special types of system components into account and simulate the RCM procedure, such as on underground networks [28] including cable systems [29] , on power transformers [30] , and on highvoltage circuit breakers [31] - [35] . Importance indices are proposed in [36] - [38] to recognize the critical components of transmission systems. In [39] , a new intelligent maintenance framework is proposed. RCM implementation in nuclear power plants of China is generally presented in [40] , [41] . Application of a risk-based policy for cost-effective maintenance plans in thermal power plants of Newfoundland in Canada is reported in [42] . Reference [43] was among the first attempts to apply the RCM for maintenance scheduling of generating units in power plants. How to prioritize the components of a steam turbine power plant (STPP) for maintenance using grey theory and based on the FMEA is reported in [44] . Similarly, reference [45] follows a combination of FMEA and experts' knowledge to recognize the priority of failure modes in power plants. The optimal preventive maintenance plans for the critical components of thermal power plants are identified in [46] using the probability distribution of failure rates and repair durations. A reliability-oriented approach is presented in [47] to identify the critical components of gas turbine power plants (GTPP) based on the failure consequences.
To the best knowledge of the authors, unlike the power transmission and distribution levels, there is a clear scarcity in the research concerning the critical component identification for RCM practical implementation in electric power plants. This paper aims to bridge this knowledge gap by presenting a risk-based framework to recognize the critical components of power plants, specifically the CCPP as the focus. The presented approach is generic enough to be applied in maintenance planning of different types of power plants.
The proposed framework starts with the reliability modeling and availability analysis of the CCPPs. It continues with a new approach that quantifies electric safety as the outcome of the component failures. The outcome risk index for the plant components involves the failure probability of the equipment in terms of component-based reliability, impact of the outage on system reliability, electric safety and environmental concerns, and the imposed costs. The presented methodology for components prioritization in power plants for RCM applications is tested on an actual CCPP located in Iran.
The remainder of this paper is organized as follows. Section II briefly introduces main RCM principles. Section III presents the proposed risk-based framework introducing the reliability modeling of the CCPP followed by quantification procedure for safety, as well as environmental and cost consequences due to component outages. Applicability of the proposed method is then verified through a practical case study in Section IV, and the conclusion is presented in Section V.
II. RELIABILITY CENTERED MAINTENANCE (RCM)
Drastically refined compared to conventional maintenance policies, RCM is generally viewed as a systematic approach for striking a balance between preventive and corrective maintenance tasks on system components. Focused primarily on critical components having the highest influence on the overall system performance, RCM helps in preventing the failure conditions of such components through which considerable undesired technical and economic losses can be prevented. Having identified the critical components, RCM then continues with the failure mode/cause analysis of such components and evaluates the associated consequences when various failures occur. The feasible maintenance strategies are framed in response to the critical failure modes and causes. Cost benefit analysis, which is the final step in the process, helps to identify the optimal maintenance plans and intervals in response to important failure modes and causes of critical components. The RCM process, hence, guides the available maintenance resources to be spent where and when necessary over time, leading to the most cost-effective and optimized maintenance decisions [48] , [49] .
This paper introduces a comprehensive risk-based framework for identifying critical components in power generating plants relying mostly on the first steps of RCM implementation as a foundational platform.
III. RISK-BASED FRAMEWORK FOR CRITICALITY ASSESSMENT OF POWER PLANT COMPONENTS
CCPPs are commonly composed of components having different life spans, aging mechanisms, and roles and responsibilities. Failure of any of these components would have consequences for system reliability performance, electric safety, environmental targets, and the imposed outage costs. In order to evaluate the criticality of components from the system reliability perspective, Section III-A below first presents a new reliability model of the CCPPs composed of GTPP and STPP. Advanced Markov models are next employed in Section III-B to model the role and evaluate the criticality of each component on the system's overall safety requirements. The environmental impacts of component outages and the associated imposed cost assessments are then modeled in Sections III-C and III-D, respectively. The proposed risk index for each component is introduced in Section III-E. This will lead to a judicious prioritization of plant components by considering both component-based reliability and the aforementioned system-wide failure consequences.
A. Reliability Modeling and Availability Analysis of CCPP
Reliability is a probabilistic measure in that a device or system satisfactorily accomplishes a certain function in a specified time period under a given operating condition [50] , [53] . Power plant reliability, as an engineering system with repairable components, depends on the reliability of constituent components and their associated arrangements. Accordingly, the series and parallel arrangements of the system components need to be identified first before a reliability assessment is performed. To achieve reliability modeling of the CCPP, the models for the decomposed GTPP and STPP should be presented in advance.
The general reliability block diagrams (RBD) for a GTPP and STPP are proposed and illustrated in Fig. 1(a) and Fig.  2(a) , respectively. Each sub-system of these power plants can be decomposed into further components with various series and parallel arrangements, as demonstrated in Fig. 1(b) -(i) and Fig. 2 (b)-(g) for GTPPs and STPPs, respectively. Markov models are then introduced for reliability evaluation of the CCPP consisting of two GTPPs and one STPP, as can be seen in Fig. 3 . The proposed Markov model for the CCPP is obtained using frequency balance principles and assuming that the constituent components follow the basic two-state Markov models [50] . Interested readers are referred to [52] for more details on the Markov modeling procedure. Based on the presented Markov model for the CCPP, the engineering system reliability indices, e.g., MCT, MDT, MTTF, and MTTFF would be assessed.
The MDT index represents the average time system breakdowns or loss of service occurrences. In most cases, the same concept is expressed as the mean time to repair (MTTR) in the system reliability modeling with repairable components. According to the reliability theory in [50] , the system steady state frequencies can be calculated as in (1) and the MCT and MDT indices can be accordingly assessed in (2) and (3), respectively [50] .
The MTTF index of reliability, representing the average time it takes between system breakdowns or loss of service, is presented in (4) .
where, P F , µ S , λ S are system steady state probability of being in the failure state, system equivalent repair, and failure rates, respectively. The calculation of MTTFF is fairly more complicated than that of MTTF which can be inferred from the system transition rate matrix demonstrated in (5) [50] .
in which, R 11 is the sub-matrix of the full system transition rate matrix, i.e., R = R 11 R 12 R 21 R 22 and represents the set of transition rates from system success to system success; P + (0) is the probability row vector of the system success states for the initial state (i.e., all components up), while U k is the unit column vector of dimension k, which is equal to the number of system success states [50] . Note that the mean time between failures (MTBF) is sometimes employed in place of the MTTF. It is evident, however, that there is a significant conceptual difference between the MTTF and MTBF indices of reliability. The numerical difference between them actually depends on the value of the MTTR. In practice, the repair time is usually very small compared to the operating time and, therefore, the numerical values of the MTTF and MTBF indices of reliability are typically very close to each other. System availability index depending on components arrangement, i.e., series or parallel, Oil control system are introduced in (6) and (7), respectively [50] .
In order to calculate the outage contribution of each component on overall system reliability performance, two scenarios are taken into account: First, all the system components are assumed to be present in the model and the base case system reliability indices are calculated. Second, a particular component is considered as not in the model while the rest are present in the system and the system reliability indices considering each component outage are computed. Then, the difference between the reliability indices in the first and second scenarios are set as the criticality measure assigned to each component in the CCPP from a system reliability perspective and is introduced in a normalized manner, as in (8) . The coefficients α 1 to α 5 , which are the importance factors of different reliability indices, can be selected according to the CCPP operation guidelines and benchmarked policies. The higher the reliability criticality factor, the more critical the component is for maintenance.
B. Safety Evaluation of CCPP Component Failures
Safety is a probabilistic measure that a system will either properly perform its functions as expected or will discontinue its functions such that it does not disrupt the operation of other systems/sub-systems or compromise the safety of individuals dealing with the system [53] . The above definition takes into account the fact that unlike the assumed two-state reliability model for each component, the safety model should consist of three states: normal operational state, failed-safe state, and failed-unsafe state. Fig. 4 Using the GTPP and STPP models illustrated in Figs. 1 and 2, and by employing the component safety model in Fig. 4 , the MTTUF index, which is defined as the average time it takes between the failed-unsafe states, can be calculated using the matrix N defined in (9) .
where, N is the fundamental matrix whose n ik denotes the mean number of times the process is in state k while it is started from state i. Q is the matrix obtained by removing the j th row and column from transition probability matrix P. Following the similar procedure as introduced in Section III-A, two scenarios are considered for each CCPP component, one in and the other out of the system. Comparing the safety index in these two scenarios results in the criticality factor of each component from the safety viewpoint, as introduced in a normalized manner in (10) .
C. Impact Evaluation of CCPP Component Failures on Environmental Targets
Environmental impacts generally relate to a power plant's use of fossil fuel, which is considered a stationary source that produces a combination of pollutants that are emitted into the atmosphere. This mix of fossil fuels in thermal power plants include NO x , SO 2 , CO 2 , SO 3 , CO, carbon hydrate (CH), and suspended particulate matter (SPM) to mention a few. The emissions associated with each of the above-introduced pollutants can be calculated using the emission index presented in (11) .
The activity rate is considered in this paper as the CCPP availability index defined earlier.
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CCPPj is the percentage of total emission reduction in the absence of emission reduction systems in the CCPP and is set to zero. In order to model the environmental impacts of each component failure, two scenarios are considered, with and without the component presence in the CCPP model and with the above index being separately calculated for several pollutants. The criticality factor assigned to each component from the environmental viewpoint then can be calculated as in (12) . The coefficients γ 1 to γ 7 can be selected according to the guidelines and the benchmarked operation policies.
D. Imposed Cost Evaluation of CCPP Component Outages
If a given component in the CCPP fails to operate and as a result experiences an outage, the outage cost might be the first term of financial consequences. The outage cost can be assessed in (13) as the amount of revenue loss compared to the case where the component was in service:
Repair and maintenance costs are the other economic terms that need to be considered when a component outage is reported. Repair cost can be taken into account as the costs imposed for corrective maintenance and replacement practices while just the maintenance cost may be imposed in order to prevent the imminent failures in CCPP components. Therefore, the total amount of imposed cost as a result of a component outage is calculated in (14) and is regarded as the normalized monetary factor for each component.
E. Risk-based Criticality Assessment of CCPP Components
The risk index can be calculated for each system component having assessed the failure probability and consequences. The failure probability of each component in CCPP reflects its component-based reliability and can be calculated as shown in (15) using the available historical data.
where n is the total number of components in the CCPP and ∆t is the time interval considered. The failure consequences of each system component, introduced earlier, can be calculated as the weighted sum of the individual consequence terms, from the viewpoint of system reliability (see (8)), electric safety (see (10)), environmental targets (see (12) ) and total imposed cost (see (14) ). The risk index can be then obtained for all the CCPP components as introduced in (16) . The coefficients α, β, γ and η are selected by the power plant operators and asset manager(s) based on the experience knowledge and confidence, and are regarded as the key factors for the various introduced consequence terms. The risk indices are consequently prioritized in descending order of importance. The higher risk indices correspond to the most critical components of the system. The components in the CCPP can be prioritized based on the proposed risk index and the power plant critical components would be identified. The proposed framework is shown in Fig. 5 .
Intelligent identification of system critical components in CCPPs would not only allow for modern maintenance scheduling approaches to be put into practice, but also will lead to substantial financial savings via more focused maintenance and capital investment decision makings on those equipment needing it the most.
IV. PRACTICAL CASE STUDY
In order to test the proposed technique, the Montazer-eGhaem CCPP, located in the north of Iran is used as a case system. The CCPP reliability data under study in [54] , [55] is employed to calculate the reliability indices for the constituent GTPP, STPP, and the overall CCPP, assuming that all components are in service and in accordance with the proposed formulations in Section III-A. The overall reliability indices of the studied CCPP are illustrated in Fig. 6 and Fig. 7 . It can be seen from Fig. 6 that the CCPP is the one with the highest MTTF and MTTFF indices when compared to the constituent GTPP and STPP and when the STPP is placed second in this context. However, it can be concluded from Fig. 7 that the STPP is the most available station compared to the GTPP and CCPP and so are its constituent components. In order to perform the criticality assessment of each system component from a reliability perspective, the proposed two scenarios are applied for each component and the contribution of component the CCPP as an example. The analysis reveals that the rotor blade 54 , housing 41 , thermocouple 49 , pump 55 , and cooling system 44 are the most reliable components of the CCPP. The component numbers (in parenthesis) correspond to those in Fig. 1 and Fig. 2 failure on system overall reliability is investigated. The results are tabulated in Table I for the first ten critical components of factor for each component of the studied CCPP is then calculated as can be seen in Fig. 9 . The component failure probability values are demonstrated in Fig. 10 . The importance coefficients of the consequence terms in (16) are assumed to be 0.4, 0.2, 0.1 and 0.3 for α, β, γ and η, respectively. As can be seen from Fig. 9 , the rotor blades 54 , generator cooling system 44 , stator 43 , rotor 45 and protection system 47 are the most critical components of the CCPP since they possess the highest risk factors compared to the rest. Likewise, if we are concerned only about the GTTP and STPP components, the proposed framework would reveal the high-risk critical components as the steam unit exciter 57 , ejector condenser 29 , gland steam condenser 24 , stator 54 , electric motor 30 , and the bearings 53 for the STPP and the rotor blade 54 , generator cooling system 44 , and stator 43 for the GTTP understudy.
The identified critical components are those whose failures would impact the system performance the most and, in the meantime, are in need of more focused attention due to the component-based reliability considerations, such as age and aging mechanisms. As a result, maintenance resources can be efficiently disseminated among the CCPP components based on the assigned risk-based criticality factors. Having identified the critical components as the primary focus, the RCM process can be triggered for the next implementation steps in the CCPP.
CCPP Components
Risk Factor Fig. 9 . Risk factor for the most critical components of the CCPP.
CCPP Components Failure Probability (%) Fig. 10 . Failure probability for the most critical components of the CCPP.
V. CONCLUSION
Prioritizing components for maintenance activities due to the scarce resources in electric power plants is an important task. As a first step towards implementing modern maintenance practices such as RCM, this paper formulated a framework for criticality assessment of CCPP components for maintenance. The method not only considers the componentbased reliability condition, but also the system-wide failure consequences from different perspectives such as reliability, electric safety, environmental concerns, and imposed costs, which are translated into a risk index that reflects the component criticality measure. Reliability modeling of the CCPP and its sub-systems was accomplished so that the reliability indices such as availability, MTTF, MCT, MDT and MTTFF can be assessed with and without the presence of the CCPP components.
A new method was also presented in the context of risk analysis to evaluate the impacts of component failures on electric safety and environmental issues. This method was implemented on the Montazer-e-Ghaem CCPP located in the north of Iran, providing a possible practical solution for identifying critical components for maintenance planning and scheduling practices. It was concluded that the most critical components of the CCPP were rotor blades 54 and generator cooling system 44 , stator 43 , rotor 45 and protection system 47 (See Table I ). The method described in this paper helps in techno-economical allocation of financial resources for CCPP component maintenance where and when necessary, thus ensuring the availability and reliability of power production to meet increasing demand. The proposed framework for recognition of system critical components not only initiates a successful implementation of modern maintenance strategies (e.g., RCM), but also plays an important role in other applications such as power plant health monitoring, spare-equipment planning, and investments, to name a few.
Future work can be on the development of new formulations for next steps in RCM implementation in power plants (e.g., selection of an optimal maintenance strategy and timing schedules) that is compatible with the proposed approach and in ways that the intervention of adequate maintenance actions and necessary recommendations for the maintenance department can be fully addressed. RCM implementation in integrated power generation and transmission systems is also suggested for future studies. Application of the fuzzy set theory and other robust probabilistic techniques in dealing with the uncertainties involved in the RCM implementation process can also be explored in future work.
